In order for solid state lighting technology to become a mainstream technology, one of the major challenges to overcome is increasing the efficiency of these devices while maintaining a proper color balance. A significant source of efficiency loss in commercial phosphor-based white light-emitting diodes (LEDs) is light scattering off large, micron-sized phosphor particles. The use of recently reported single-size CdSe white-light nanocrystals in place of traditional phosphors, such as YAG:Ce
INTRODUCTION
The possibility of low energy consumption and long lifetimes for white light emitting diodes (LEDs) has made solid state lighting a very exciting area of research. While the efficiency of white LEDs has increased past some current lighting technologies, further increases in their efficiency are needed in order to make them more cost-effective and in compliance with U.S. Department of Energy goals for the reduction of electricity consumption and carbon dioxide emissions [1] [2] [3] [4] . As recognized by most consumers of commercially available white-light LED products, progress must also be made in the area of color balance since current LEDs tend to give off white light with a blue tinge. The majority of commercial white LEDs consist of a blue GaN-based LED and a yellow YAG:Ce 3+ phosphor that converts some of the blue light to yellow light, giving the appearance of white light. The improper balance of blue and yellow light compromises the color quality of these white LEDs. One of the largest sources of efficiency loss in phosphor-based white LEDs is scattering of the blue excitation light by large phosphor particles, generally 1-2 μm in diameter. The scattered light is reabsorbed by the LED die and lost. The loss in device efficiency due to scattering can be as much as 70% [5] . By using a much smaller phosphor particle, such as the recently reported single size white-light emitting CdSe nanocrystals that have a diameter of approximately 1.5 nm [6, 7] , the efficiency loss due to scattering could be minimized. Ultra-small CdSe nanocrystals also have the advantage of producing well-balanced white light; CIE chromaticity coordinates of (0.324, 0.322) and a color rendering index of 93 have been demonstrated [8] . In this report, the scattering, absorption, and extinction of light by encapsulated thin films of ultra-small CdSe nanocrystals as well as common micron-sized phosphor particles was studied theoretically and experimentally.
THEORY
When discussing the theory of light scattering, the most often used frameworks are the Rayleigh approximation and Mie theory [9] [10] . The Rayleigh approximation is only valid for spherical particles that are much smaller than the wavelength of light in consideration. Mie theory applies to spherical particles of any size. For extremely large particles, Mie theory converges with geometrical optics solutions. Mie theory is likewise valid for extremely small particles, but due to the ease of use of the Rayleigh approximation, is generally reserved for particles larger than one-tenth of the wavelength of the light that is being scattered. The derivation of the equations used by these two frameworks is well-known and can be found in several excellent texts on light scattering [9] [10] [11] [12] , thus only the results of these derivations and a few other relevant equations are presented here.
The scattering cross section for the Rayleigh approximation is given by:
where a is the particle radius, λ 0 is the wavelength of scattered light, n med is the index of refraction of the medium, and m is the ratio of the index of refraction of the particle to that of the medium.
The Mie scattering cross section is given by:
where k med = 2πn med / λ 0 . The coefficients a n and b n are known as Mie coefficients and are calculated using spherical Bessel and Hankel functions [12] .
The cross section can be easily converted to a scattering coefficient (ε) using:
where N is the number concentration of the particles.
While the above equations account for the process of light scattering, the other process that must be considered is the absorption of incident radiation by the particles. The absorption cross section of absorbing particles can be calculated using the following equation [13] :
where α is the polarizability of the particle, which is given by:
where m 1 and m 3 are the complex refractive indices of the particle and the surrounding medium, respectively.
The extinction cross section and coefficient represent the loss of incident radiation due to both scattering and absorption:
The Beer-Lambert law can be used to relate the absorbance (A), the molar extinction coefficient (ε, in L/mol/cm), the concentration (c, in mol/L), and the path length or thickness (l):
The above equations were entered into a MATLAB code in order to calculate numerical values for the scattering, absorption, and extinction coefficients and cross sections using both the Rayleigh approximation as well as Mie theory.
EXPERIMENT
CdSe nanocrystals were synthesized as previously reported [6, 7] , and after cleaning they were placed in a solution of toluene. Cleaning was accomplished by centrifugation and precipitation of the nanocrystal solution [14] . Nanocrystals were mixed in biphenylperfluorocylcobutyl polymer (BP-PFCB from Tetramer Technologies, L.L.C) to create near-UV pumped white-light phosphors. The phosphors were dropcast onto a glass slide, and then cured by heating the film in an oven at 100ºC for 2 hours or until it hardened. In order to experimentally determine the extinction coefficient of the nanocrystal phosphor films, the BeerLambert law, given in (8) was applied. The thickness of the films was measured using a Veeco DekTak 150 profilometer, and absorbance measurements of the films were performed using a Varian Cary 5000 UV-VIS spectrophotometer. The concentration of the nanocrystals in the dropcasting solution was determined using a method as described in Peng et al [15] . By using a known volume of the dropcasting solution of nanocrystals in the polymer, the total number of nanocrystals in that solution can be calculated. When the film has cured, the total number of nanocrystals is divided by the volume of the film to determine the particle concentration of the film.
DISCUSSION

Theoretical analysis
Calculations of the scattering properties of a YAG:Ce 3+ phosphor having a typical particle diameter between 1 and 2 μm are shown in figure 1 . The wavelength of 450 nm was chosen since this is the typical wavelength of LEDs used to excite the phosphor. Mie scattering equations were employed because the size of the phosphor particles considered were on the order of twice the wavelength of light. The calculations suggest that both absorption and scattering contribute to the extinction of light. The absorption cross-section of the YAG:Ce . The ripple seen in the Mie scattering cross section curve in figure 4(b) is characteristic of Mie scattering solutions and has been attributed to the particle's internal resonance of the electric and magnetic fields [16] . In comparing the results of the calculations for micron-sized phosphor particles and nanometersized white-light nanocrystals, it is clear that scattering should only play a role for traditional phosphor-based white LED efficiency losses. Other sources of loss, including internal quantum efficiency and absorption efficiency are expected to be the dominant factors in device efficiency of CdSe nanocrystal-based white LEDs.
Experimental analysis
Since the calculations of absorption and scattering cross-sections of the ultra-small nanocrystals assume that the nanocrystals are well-dispersed, experiments were conducted to verify that there was no agglomeration of the nanocrystals when encapsulated into a phosphor film. The experiments reported here represent the first measurements of the extinction crosssections and coefficients of white-light nanocrystal phosphors. While prior white-light fluorescence and bright field differential interference contrast micrographs of CdSe nanocrystals encapsulated in BP-PFCB suggested that the nanocrystals were well-dispersed [8] , comparison of theoretical and experimental values of extinction cross section and coefficient verified that there is negligible agglomeration of the nanocrystals when encapsulated in the phosphor film. Table 1 shows the comparison and good agreement between the theoretical and experimental values. It is noted that the molar extinction coefficient is reported in the table since this is the value found directly from the measurements. The extinction coefficient given in (7), which has units of 1/cm, can be converted to the molar extinction coefficient with units of L/mol/cm, by dividing by the concentration in mol/L. Experimental verification of the YAG:Ce 3+ will be reported in a future communication. 
CONCLUSIONS
This study analyzed the scattering properties of common micron-sized phosphor particles and ultra-small CdSe nanocrystals for white LEDs. Calculations showed that for micron-sized phosphors, the extinction is affected by both scattering and absorption and thus will lead to scattering losses when incorporated into an LED device. The CdSe nanocrystals, however, had a scattering cross section five orders of magnitude lower than the absorption cross section. Therefore, scattering losses can be virtually ignored for a photoluminescent device based on these white-light emitting nanocrystals. The extinction cross-section of the nanocrystals was found to be on the order of 10 -16 cm 2 for near-UV excitation. The use of CdSe nanocrystals as a white-light phosphor could lead to higher quality and more efficient solid state lighting devices.
